ABSTRACT Aims/Introduction: Peripheral neuropathy is a common complication of diabetes and also occurs in 30% of human obese individuals with impaired glucose tolerance. Even though peripheral neuropathy affects both sexes, most pre-clinical studies have been carried out using male rodents. The aim of the present study was to create diet-induced obesity and type 2 diabetes in female rats and mice in order to examine the development of peripheral neuropathy. Materials and Methods: At 12 weeks-of-age, rats and mice were separated into three groups. Two groups or rats and mice were fed a 60-kcal% high-fat diet for 12 weeks (rats) or 8 weeks (mice). To induce type 2 diabetes, one group of high-fat diet-fed rats and mice were treated with a low dose of streptozotocin. Analyses of multiple neural endpoints were carried out 12 weeks later. Results: Glucose utilization was impaired in diet-induced obese female rats and mice, as was a number of neurological end-points including nerve conduction velocity, intraepidermal and subepithelial corneal nerve fiber densities, and thermal and mechanical sensitivity. When female diet-induced obese rats or mice were made hyperglycemic, glucose utilization and sensory nerve density of the skin and cornea, as well as thermal and mechanical sensitivity, were more significantly impaired compared with diet-induced obese female rodents. Conclusions: These studies show that diet-induced obese and type 2 diabetic female rodents develop peripheral neuropathy that is similar to that occurring in male rodents. However, for female rats, more aggressive treatment is required to induce dietary obesity.
INTRODUCTION
In 2014, Dr Clayton and Dr Collins of the National Institute of Health created a policy requiring gender inclusion in pre-clinical research 1 . As stated, the intention of this policy is to ensure that the health of the people of the USA is being served by supporting science that meets the highest standards of rigor.
In human studies of diabetic neuropathy, Aaberg et al. reported that men developed neuropathy earlier than women. In contrast, Javed et al. 3 found no statistically significant sex differences in diabetic peripheral neuropathy in respect to frequency, age at diagnosis or duration of diabetes before onset. However, these authors state that more studies are required to settle whether sex-based differences in onset and progression of diabetic neuropathy exist 3 . To date, most studies of rodents on peripheral neuropathy have been carried out in male mice or rats. Several likely reasons for the predominate use of male rodents is to avoid the potential complicating effect of the estrogen cycle in studies, as well as male rodents being more abundant from breeders than female animals. Another issue that could impact outcomes in female rodents is determining the age of the animal to use for the study. Selection of virgin animals versus animals that have been allowed to breed or have passed their breeding age can affect outcomes. To begin to address this issue, we characterized diabetic peripheral neuropathy in two common rodent models: female C57Bl6/J mice and Sprague-Dawley rats. We initiated our studies with virgin rodents that were aged 12 weeks. This is the same age that we have used for our male rodent studies. Analyses were carried out in both diet-induced obese and diabetic female C57Bl6/J mice, and Sprague-Dawley rats. To induce a form of late-stage type 2 diabetes, these rodents were fed a high-fat diet to create insulin resistance followed by a low dose(s) of streptozotocin in order to destroy a portion of the b-cells and render the mouse or rat diabetic 4, 5 . Twelve weeks later, analyses of multiple nerve-related endpoints were carried out. We have previously used this approach in both male C57Bl6/J mice and Sprague-Dawley rats to examine the effect of diet-induced obesity and type 2 diabetes, and treatment on peripheral neuropathy [4] [5] [6] .
Results from these studies show that once hyperglycemia is established, female C57Bl6/J mice and Sprague-Dawley rats develop peripheral neuropathy that in severity is similar to male C57Bl6/J mice and Sprague-Dawley rats, respectively. Creating insulin resistance through a high-fat diet in female C57Bl6/J mice and the outcome was similar to male C57Bl6/J mice 5 . However, creating obesity through a high-fat diet in female Sprague-Dawley rats required a greater percentage of fat in the diet and longer duration compared with male Sprague-Dawley rats 4 .
METHODS
Unless stated otherwise, all chemicals used in these studies were obtained from Sigma Aldrich Chemical Co. (St. Louis, MO, USA).
Animals
Female Sprague-Dawley rats were purchased from Harlan Teklad (Madison, WI, USA), and female C57Bl/6J mice were purchased from Jackson Laboratories (Bar Harbor, ME, USA). Rats and mice were housed in a certified animal care facility, and a standard diet (Harlan Teklad, #7001) and water provided ad libitum. At 12 weeks-of-age, rats and mice were separated into three groups. Two of these groups were fed a 60-kcal% high-fat diet (D12492; Research Diets, New Brunswick, NJ, USA) for 12 weeks (rats) or 8 weeks (mice). The other group of female rats or mice remained on the standard diet. After the initial phase of high-fat diets, one group of rats and mice was treated with streptozotocin, as previously described, to create a model of type 2 diabetes 4, 5 . All high-fat diet-fed rats and mice remained on the high-fat diets for the duration of the study. The high-fat diet-fed rodents that did not receive streptozotocin are referred to as the non-diabetic high-fat diet-fed group and are considered as the diet-induced obese rats or mice. Analyses were carried out at 12 weeks after hyperglycemia induction.
Glucose utilization
Glucose utilization was determined by injecting mice or rats with a saline solution containing 2 g/kg glucose i.p. after an overnight fast, as previously described 4, 5 . Circulating blood glucose levels were measured immediately before the glucose injection and at different intervals afterwards depending on whether it was a mouse or rat being examined 4, 5 .
Thermal nociceptive response and mechanical allodynia Thermal sensitivity was measured using the Hargreaves method, with instrumentation provided by IITC Life Science (model 390G; Woodland Hills, CA, USA). This procedure was initiated by placing the rodents in the observation chamber. The animals were allowed to acclimatize to the warmed glass surface (30°C) and surroundings for a period of 15 min. Afterwards, the heat source was maneuvered so that it was under the heel of the hindpaw and activated, a process that turns on a timer and locally warms the glass surface, and when the rodent withdrew its paw, the timer and the heat source were turned off 4, 5 . After an initial recording, which was discarded, four measurements were made for each hindpaw, with a rest period of 5 min between each examination. The mean of the measurements, reported in seconds, was used as a measure of the thermal nociceptive response latency. Mechanical allodynia was evaluated by quantifying the withdrawal threshold of the hindpaw in response to stimulation with flexible von Frey filaments, as previously described 4, 5 . The data were reported in grams. The tactile response tests were repeated at least three times with a rest period of 10 min between tests. The behavioral examinations were carried out in a masked fashion on different days and completed immediately before the terminal procedures.
Motor and sensory nerve conduction velocity On the day of terminal studies, rodents were weighed and anesthetized with Nembutal i.p. (75 mg/kg for mice and 50 mg/kg for rats i.p.; Diamondback Drug, Scottsdale, AZ, USA). Motor and sensory nerve conduction velocities were determined, as previously described, using a non-invasive procedure in the sciatic-posterior tibial conducting system and digital nerve, respectively, and reported in m/s 4, 5 .
Corneal innervation
Subepithelial corneal nerves were imaged using the Rostock cornea module of the Heidelberg Retina Tomograph confocal microscope, as previously described 5, 7 . Briefly, the anesthetized rodent was secured to a customized platform that allowed adjustment and positioning in three dimensions. Then, five and 10, for mice and rats, respectively, random high-quality images, without overlap of the subepithelial nerve plexus of the central cornea, were acquired by finely focusing the objective lens to maximally resolve the nerve layer just under the corneal epithelium. The investigator acquiring these images was masked with respect to the identity of the animal condition. The corneal nerve fiber length was defined as the total length of all nerve fibers and branches (in mm) present in the acquired images standardized for the area of the image (in mm   2 ). The corneal fiber length for each animal was the mean value obtained from the acquired images and expressed as mm/mm 28 . Based on receiver operating characteristic curve analysis, corneal nerve fiber length is the optimal parameter for diagnosing patients with diabetic neuropathy and has the lowest coefficient of variation 9, 10 .
Intraepidermal nerve fiber density in skin from the hindpaw As previously described, immunoreactive nerve fiber profiles innervating the skin from the hindpaw were determined using standard confocal microscopy 4, 5 . Immunostained nerve profiles were counted by two individual investigators that were masked to the sample identity. All immunoreactive profiles were normalized to epidermal length.
Additional parameters
In addition to non-fasting blood glucose, serum was collected for determining levels of free fatty acid, triglyceride and free cholesterol using commercial kits from Roche Diagnostics (Mannheim, Germany), Sigma Aldrich Chemical Co. and Bio Vision (Mountain View, CA, USA) respectively. To examine steatosis, liver samples were frozen in optimal cutting temperature compound (Sakura FineTek USA, Torrance, CA, USA) at -80°C. Liver sections of 5 lm were incubated with BODIPY (Molecular Probes, Carlsbad, CA, USA) at a 1:5,000 dilution in 1% bovine serum albumin for 1 h at room temperature. After washing, liver sections were mounted using ProLong â Gold antifade reagent (Molecular Probes) and covered with a glass coverslip. Images were collected using Zeiss LSM confocal laser scanning microscope (Carl Zeiss Microscopy, Thornwood, NY, USA) and analyzed for percentage area fraction of lipid droplets using Image J software (National Institute of Health, Bethesda, MD, USA).
Statistical analysis
Results are presented as mean -standard error of the mean. Comparisons between groups were carried out using a one-way analysis of variance (ANOVA) and Dunnett's pairwise test for multiple comparisons (Prism software; GraphPad, San Diego, CA, USA). A P-value of <0.05 was considered significant. Tables 1 and 2 provide data on the start and end weights, blood glucose and serum free fatty acid, triglyceride, and cholesterol levels of rats and mice, respectively. All female rats and mice weighed the same at the beginning of the study. At the end of the study, non-diabetic high-fat diet-fed rats and mice weighed significantly more than the control and diabetic rats and mice, respectively. Non-fasting blood glucose was significantly increased in female diabetic rats and mice. Serum free fatty acids were increased in diabetic rats compared with control and non-diabetic high-fat diet-fed rats. Serum triglyceride levels were unchanged in control, non-diabetic high-fat diet-fed and diabetic female rats. Serum cholesterol was significantly increased in non-diabetic and diabetic high-fat diet-fed rats. Serum free fatty acid and triglyceride levels were unchanged in control, non-diabetic high-fat diet-fed and diabetic female mice. Serum cholesterol was significantly increased in diabetic highfat diet-fed mice compared with control and non-diabetic highfat diet-fed female mice. Non-diabetic high-fat diet-fed rats and mice, and diabetic rats and mice had fatty livers compared with control rats and mice (Tables 1 and 2) .
RESULTS
Data in Figure 1 show that glucose clearance is impaired in non-diabetic high-fat diet-fed rats ( Figure 1a ) and mice (Figure 1b) , and to even a greater extent in diabetic high-fat dietfed rats and mice compared with the control rats and mice.
A standard outcome measure of neurological function is motor and sensory nerve conduction velocity. Data in Figure 2 show that in non-diabetic high-fat diet-fed female rats, only sensory nerve conduction velocity is impaired compared with control rats. In contrast, in diabetic high-fat diet-fed rats, both motor and sensory nerve conduction velocity is slowed compared with control rats. In female mice, unlike female rats, both motor and sensory nerve conduction velocity is decreased in non-diabetic high-fat diet-fed and diabetic high-fat diet-fed mice compared with control mice. Examination of the density of sensory nerves and their function has become another reliable determination of neurological function. In data reported in Figure 3 , we investigated the density of intraepidermal nerve fibers in the skin (Figure 3a,b) , and thermal and mechanical sensitivity of these nerves (Figure 3c,d ) in non-diabetic high-fat diet-fed and diabetic high-fat diet-fed female rats (Figure 3a ,c) and mice (Figure 3b,d) . In female rats, intraepidermal nerve fiber density was decreased in non-diabetic rats fed a high-fat diet and in diabetic rats fed a high-fat diet. Latency to a thermal stimulation was impaired in dietinduced obese and diabetic female rats. Sensitivity to a mechanical stimulus was increased in female rats fed a high-fat diet and to a greater extent in diabetic female rats. In female mice, intraepidermal nerve fiber density was decreased in non-diabetic mice fed a high-fat diet and to a greater extent in diabetic mice fed a high-fat diet. Both thermal nociception and mechanical allodynia are impaired in diet-induced obese female mice and to a greater degree in diabetic female mice.
Examination of density sensory nerves in the subepithelial layer or the cornea has been promoted to be an early marker of peripheral neuropathy 11, 12 . It has been shown that the density of corneal nerves is decreased in humans with insulin resistance, as well as in pre-diabetic and diabetic animal models 7, 8, 13 . In humans with diabetes, a decrease in corneal nerves has been shown to correlate with the severity of peripheral diabetic neuropathy 9, 10 . Data in Figure 4 provide representative images of subepithelial corneal nerves from a control rat (Figure 4a ) and mouse (Figure 4b) , with the red arrows pointing toward the nerves. Analysis of subepithelial corneal nerves in non-diabetic high-fat diet-fed and diabetic high-fat diet-fed female rats and mice showed that diet-induced obesity causes a significant decrease in density of these nerves that is worsened 12 weeks after the induction of hyperglycemia.
Provided as supporting information, Tables S1 and S2 provide data on neural end-points for male rats and mice, respectively, including motor and sensory nerve conduction velocities, thermal nociception, mechanical allodynia (mice only), intraepidermal nerve fiber density and corneal nerve fiber length 5, 7, 14 . For male rats and mice, high-fat diets with 45% and 60% kcal as fat, respectively, were initiated when the animals were 12 weeks-of-age. After 8 weeks on these diets, low-dose protocols of streptozotocin were used to induce a form of late-stage type 2 diabetes 5, 7, 14 . Analyses of the neural end-points were completed 12 weeks later. These supporting data show that the peripheral neuropathy that existed at the end of the study period for male and female rats and mice were general similar.
DISCUSSION
The main findings from these studies of female Sprague-Dawley rats and C57Bl/6J mice were that the creation of diet-induced obesity or type 2 diabetes in these rodents was accompanied by impaired glucose clearance and characteristics of peripheral neuropathy. Furthermore, the peripheral neuropathy that developed in the female rodents was similar to the neuropathy we have determined in age-and protocol-matched male rats and mice with diet-induced obesity or type 2 diabetes 5, 15 . The primary difference we observed in the present study was the challenge encountered in inducing dietary obesity and impaired glucose Glucose clearance was determined as described in the Methods section. Data are presented as the mean -standard error of the mean for glucose utilization in mg/dL. The fasting blood glucose levels for the control, non-diabetic high-fat diet-fed and diabetic high-fat diet-fed rats and mice were 99 -3, 102 -3 and 178 -11*, + ; and 138 -8, 181 -10* and 220 -13*, respectively. The number of rodents in each group was the same as described in Tables 1 and 2 for rats and mice, respectively. *P < 0.05 compared with control rodents; + P < 0.05 compared with high-fat dietfed rodents. *Significantly different from control. Motor (MNCV) and sensory nerve conduction velocity (SNCV) was examined as described in the Methods section. The number of rodents in each group was the same as described in Tables 1 and 2 for rats and mice, respectively. Data are presented as the mean -standard error of the mean in m/s. *P < 0.05 compared to control rodents; + P < 0.05 compared with high-fat diet-fed rodents. IENF density, thermal nociception and mechanical allodynia were examined as described in the Methods section. The number of rodents in each group was the same as described in Tables 1 and 2 for rats and mice, respectively. Data are presented as the mean -standard error of the mean for intraepidermal nerve fiber density as profiles per mm, thermal nociception in seconds and mechanical allodynia in grams. *P < 0.05 compared with control rodents; + P < 0.05 compared with high-fat diet-fed rodents. tolerance in female Sprague-Dawley rats. We experienced no difficulty in creating diet-induced obesity with impaired glucose tolerance in female C57Bl/6J mice. The protocol we used to induce diet-induced obesity with impaired glucose tolerance in male C57Bl/6J mice had the same effect on female mice, with the female mice gaining approximately the same amount of weight over the course of the study as male mice 3 . Feeding male Sprague-Dawley rats at 12 weeks-of-age a high-fat diet consisting of 45% kcal as fat (Research Diets D12451) for 8 weeks caused significant weight gain and impaired glucose clearance 6, 7, 15 . However, female Sprague-Dawley rats at 12 weeks-ofage weighed approximately 100 g less than male rats of the same age, and after 8 weeks on the 45% kcal fat diet failed to gain any weight compared with the age-matched controls, and glucose clearance was the same as the control female rats (data not shown) 15 . It was our observation that female rats were considerably more active compared with male rats; however, this was not quantified. In order to induce obesity with impaired glucose tolerance, female Sprague-Dawley rats were fed a 60% kcal as fat diet for 12 weeks, and this only caused an increase of 37 g compared with the control rats. In comparison, male Sprague-Dawley rats fed a 45% kcal fat diet for 8 weeks weighed approximately 60 g more than age-matched controls 15 .
Other laboratories have had a similar experience. It has been reported that a 30% kcal high-fat diet did not cause obesity in female Wistar rats 16 . In addition, Taraschenko et al. 17 reported that a 45% kcal high-fat diet induced obesity in male SpragueDawley rats, but not female rats. Once diet-induced obesity was established in female Sprague-Dawley rats and C57Bl/6J mice, the same low dose of streptozotocin regimen that we used in male Sprague-Dawley rats and C57Bl/6J mice, respectively, was effective in inducing hyperglycemia [5] [6] [7] 15 . Glucose utilization was impaired in diet-induced female rats and mice, and this was worsened after the onset of hyperglycemia. We have previously reported similar results for glucose utilization with male rats and mice with diet-induced obesity or type 2 diabetes [5] [6] [7] 15 . Pettersson et al. 18 also reported impaired glucose utilization in female C57Bl/6J mice 14 weeks after a 60% kcal high-fat diet. They also reported that diet-induced obese female mice were protected from other metabolic changes and displayed anti-inflammatory properties compared with male mice 18 . Non-alcoholic fatty liver disease in patients with type 1 or type 2 diabetes is associated with an increased prevalence of peripheral neuropathy 19, 20 . As part of our evaluation of peripheral neuropathy and related end-points, we examined the livers of obese and diabetic female rats and mice, and found steatosis to be significantly increased. We have previously reported similar results in both obese and diabetic male rats and mice [5] [6] [7] 15 . Choi et al. 21 reported that a diet high in fructose promotes liver steatosis and hepatocyte apoptosis in female C57Bl/6J mice. Female Sprague-Dawley rats developed steatosis when fed a Tables 1 and  2 for rats and mice, respectively. Data are presented as the mean -standard error of the mean for corneal nerve fiber length in mm/mm 2 . *P < 0.05 compared with control rodents; + P < 0.05 compared with high-fat diet-fed rodents.
diet consisting of 71% kcal fat, 18% kcal protein and 11% kcal saccharides at 5 weeks-of-age for 3 weeks 22 . Different models of type 2 diabetic female rats and mice have also been shown to develop steatosis [23] [24] [25] [26] [27] . The occurrence of peripheral neuropathy in diet-induced obese and diabetic male rodents has been studied extensively (see Tables S1 and S2 ). In the present study, we wanted to determine whether diet-induced obesity and/or type 2 diabetes in female rats and mice causes peripheral neuropathy. After examining multiple end-points including motor and sensory nerve conduction velocity, thermal algesia and mechanical allodynia, and nerve density of the skin and cornea, we found that both obese and diabetic female rats and mice develop peripheral neuropathy similar to diet-induced obese and diabetic male rats and mice. The only difference we found was the more intensive dietary approach required to induce obesity in female rats compared with male rats 6, 7 . However, once chronic obesity was established, the occurrence of peripheral neuropathy was detected with progression of severity in end-points measuring thermal and mechanical sensitivity, and nerve density in the skin and cornea after the onset of hyperglycemia. Like in male diet-induced obese rats, and unlike female mice, we did not detect a slowing of motor nerve conduction in diet-induced obese female rats 6, 7 . However, once hyperglycemia was established through treatment with a low dose of streptozotocin, a decrease in motor nerve conduction occurred. In contrast, sensory nerve conduction velocity was slower in both obese and diabetic female rats and mice. Overall, we found the development of peripheral neuropathy in diet-induced obese or type 2 diabetic female rodents to be similar to male rodents. O'Brien et al. 28 reported that both male and female BTBR ob/ob mice develop robust diabetic peripheral neuropathy with the sole difference that intraepidermal nerve fiber density was greater in female ob/ob mice compared with male mice. In has been reported that pain-related behavior is similar in male and female type 2 diabetic rats, but not in type 1 diabetic rats 29 . In type 2 diabetic Goto-Kakizaki rats, male animals with diabetes have a higher frequency of neuropathy than females with diabetes, and nerve regeneration after sciatic nerve injury shows sex differences 30 . In summary, we have shown that peripheral neuropathy develops and is progressive in Sprague-Dawley female rats and C57Bl/6J female mice after inducement of obesity and creation of type 2 diabetes, and except for the more aggressive approach required to induce obesity in female rats, the presence of peripheral neuropathy and progression in female rodents is similar to male rodents. Sprague-Dawley rats and C57Bl/6J mice are common rodent models used for studies of diet-induced obesity and diabetes. The high-fat diet-fed low-dose streptozotocin-treated rodent is also becoming a popular model that represents latestage type 2 diabetes 4, [31] [32] [33] [34] [35] .
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